Nakamura TJ, Sellix MT, Menaker M, Block GD. Estrogen directly modulates circadian rhythms of PER2 expression in the uterus. Am J Physiol Endocrinol Metab 295: E1025-E1031, 2008. First published August 26, 2008 doi:10.1152/ajpendo.90392.2008.-Fluctuations in circulating estrogen and progesterone levels associated with the estrous cycle alter circadian rhythms of physiology and behavior in female rodents. Endogenously applied estrogen shortens the period of the locomotor activity rhythm in rodents. We recently found that estrogen implants affect Period (Per) gene expression in the suprachiasmatic nucleus (SCN; central clock) and uterus of rats in vivo. To explore whether estrogen directly influences the circadian clock in the SCN and/or tissues of the reproductive system, we examined the effects of 17␤-estradiol (E 2) on PER2::LUCIFERASE (PER2::LUC) expression in tissue explant cultures from ovariectomized PER2::LUC knockin mice. E2 applied to explanted cultures shortened the period of rhythmic PER2::LUC expression in the uterus but did not change the period of PER2::LUC expression in the SCN. Raloxifene, a selective estrogen receptor modulator and known E2 antagonist in uterine tissues, attenuated the effect of E2 on the period of the PER2::LUC rhythm in the uterus. These data indicate that estrogen directly affects the timing of the molecular clock in the uterus via an estrogen receptor-mediated response.
IN MAMMALS, THE MASTER CLOCK resides in the suprachiasmatic nucleus (SCN) of the hypothalamus and synchronizes peripheral oscillators to ensure temporally coordinated physiology (32) . Circadian rhythms are generated within each cell by transcriptional and posttranscriptional feedback loops involving a small family of clock genes and their associated proteins. The molecular clock consists of interacting transcription factors, including both the enhancers CLOCK and BMAL and repressors including the Period proteins (PER1, PER2, and PER3) and Cryptochromes (CRY1 and CRY2) (12) . In addition to these core proteins, an additional loop consisting of the repressor Rev-Erb␣ and the enhancer ROR␣ plays a role in the timing of the molecular clock (12) . It has become evident that the same or very similar molecular mechanisms function in most cells and tissues of the body (39) and that these peripheral clocks can continue to oscillate in the absence of the SCN (41) .
Circadian clock genes are expressed in female reproductive organs, including the ovary (6, 17) , oviduct (18) , and uterus (15, 26) , and their expression appears to be rhythmic. A recent study in quail revealed a 24-h rhythm of steroidogenic acute regulatory protein in preovulatory follicles, suggesting direct clock-mediated regulation of steroid biosynthesis in ovarian cells (28) . Although the physiological function of clock genes in female reproductive tissues remains unclear, some reports demonstrate reproductive dysfunctions in mice with clock gene mutations (5, 21) . Female Clock mutant mice, which carry a 51-amino acid deletion in the transcriptional activation domain of the CLOCK protein, fail to show either regular estrous cycles or circadian rhythms of clock gene expression in the uterus (5) and do not produce an LH surge on the day of proestrus (21) .
Estrogen modifies circadian rhythms of wheel running by female hamsters and rats (1, 22, 23, 36) . High levels of estrogen induce an early onset of locomotor activity of female rats and hamsters (i.e., a more positive phase-angle difference with the light-to-dark transition) on the evening of proestrus and increase the amplitude and bout length of locomotor activity (1, 22, 23, 37) . This change in the locomotor activity rhythm throughout the estrous cycle may be caused by a direct effect of estrogen on the circadian clock, since the period of the locomotor activity rhythm shortens when estrogen is implanted in ovariectomized (OVX) rats (1) and hamsters (23, 36) .
Although it is clear that ovarian steroid hormones affect circadian rhythms of locomotor activity and reproductive function, there is currently no evidence to suggest that the steroids "directly" regulate the timing of the molecular clock in the SCN and/or non-SCN tissues. Recently, it has been reported that estrogen implants modulate the expression of clock genes in the SCN, reproductive, and nonreproductive tissues in vivo (26, 27) . We tested the hypothesis that estrogen has direct effects on the molecular clock in estrogen-responsive tissues. Here we demonstrate that 17␤-estradiol (E 2 ) shortens the period of PER2::LUCIFERASE (PER2::LUC) expression in uterine, but not SCN, tissue explants from OVX PER2::LUC knockin mice. In addition, we demonstrate that this effect can be attenuated by the addition of raloxifene (RLX), a wellknown selective estrogen receptor (ER) modulator (SERM) with varying antiestrogenic effects in mammary, bone, and uterine tissues (for review, see Refs. 19 and 25) . These results demonstrate that estrogen can directly regulate clock gene expression in the uterus and suggest that fluctuations of circulating steroid hormones during the estrous cycle may directly alter the timing of the molecular clock in non-SCN tissues. Culture procedures are identical to those described by Yamazaki and Takahashi (40) . Briefly, 1-2 h before lights off, mice were euthanized by deep CO 2 anesthesia and rapidly decapitated. To prepare SCN cultures, brain tissue was removed and placed in chilled Hanks' buffered salt solution (HBSS). The brain was sliced in the coronal plane on a vibratome at a thickness of 300 m. The bilateral SCN and a minimum of surrounding tissue were isolated from the slice using scalpels. The uterine horns were removed, placed in chilled HBSS, and isolated from the surrounding adipose tissue under a dissecting microscope. The uteri were cut in round slices, with 4 -5 cross-sections taken from each mouse. The sections of SCN and uterus were placed at the liquid interface on membranes (Millicell-CM, PICM030-50; Millipore, Billerica, MA) in 35-mm dishes (BD, Franklin Lakes, NJ) containing 1.2 ml of recording medium [serumfree, no sodium bicarbonate, no phenol red, Dulbecco's modified Eagle's medium (D-2902; Sigma-Aldrich, St. Louis, MO)] supplemented with 0.35 g/l sodium bicarbonate, 10 mM HEPES (pH 7.2), B27 (2%, 17504-010; Invitrogen, Rockville, MD), and 0.1 mM luciferin (beetle luciferin, potassium salt; Promega) and antibiotics (25 U/ml penicillin, 25 mg/ml streptomycin; Invitrogen).
MATERIALS AND METHODS

Analysis
␤-Cyclodextrin (␤CD)-caged E 2 or progesterone (P4) was diluted in sterile millipore double-distilled water with due consideration for actual steroid amounts and added directly to the recording medium at the onset of the culture. ␤CD-coated steroids were chosen for these experiments due to their ability to dissolve readily in cell culture medium. RLX was dissolved in dimethyl sulfoxide (DMSO) and also added directly to the recording medium. For controls, cultures were treated with DMSO vehicle or ␤CD without steroid or a combination of DMSO and ␤CD. We have confirmed previously that ␤CD treatment had no effect on clock gene expression in vitro (33) . All steroid compounds were acquired from Sigma-Aldrich. Following the addition of steroid or vehicle, the dishes were sealed with a cover glass using vacuum grease and placed under photomultiplier tubes (H6240; Hamamatsu, Bridgewater, NJ) or into a LumiCycle (Actimetrics, Wilmette, IL) inside light-tight 36.5°C environmental chambers. Bioluminescence was counted each minute from every dish for Ն6 days.
Data analysis and statistics. Bioluminescence records were normalized by subtraction of the 24-h running average from the raw data and then smoothed with a 2-h running average (4). Smoothed and detrended data were imported into the LumiCycle analysis software (Actimetrics), and the period of the PER2::LUC expression rhythms was determined with a sine-fit curve (13, 14) . A minimum of 6 days of bioluminescent data was included in the analysis. Statistical significance between groups was determined by one-way ANOVA followed by Tukey's post hoc statistical test. All results are presented as means Ϯ SE and were considered significant at P Ͻ 0.05.
RESULTS
Effect of estrogen on the period of PER2::LUC expression rhythm in the SCN. We hypothesized that E 2 can modulate rhythms of locomotor activity through direct actions on the molecular clock in SCN neurons. We investigated the direct effects of E 2 on the period of PER2::LUC rhythm in cultured SCN explanted from OVX PER2::LUC mice. Our previous in vitro data indicated that E 2 , at several concentrations between 200 nM and 500 M, did not affect the period of the Per1-luciferase (Per1-luc) expression rhythm in the SCN (33). In the current experiment, we treated SCN cultures with a single low (10 nM) and high (10 M) concentration of E 2 . Cultured SCN explants demonstrated a robust rhythm of PER2::LUC expression in medium containing vehicle with a period of 25.08 Ϯ 0.24 h (Fig. 1A) . Treatment with E 2 at 10 nM or 10 M did not significantly alter the period of PER2::LUC expression in the SCN [10 nM period ϭ 25.03 Ϯ 0.19 h and 10 M period ϭ 25.28 Ϯ 0.19 h; 1-way ANOVA, F(2,11) ϭ 0.402; Fig. 1B] . These results are consistent with our previous study on Per1-luc expression in isolated SCN tissue explants from OVX rats (33) and do not support the hypothesis of a direct action of E 2 on the molecular oscillator in SCN neurons.
Estrogen shortens the period of PER2::LUC expression rhythm in the uterus. To determine whether ovarian steroid hormones can modulate the molecular clock in the uterus, we examined the effects of E 2 and P 4 on the period of PER2::LUC expression in uterine explants from OVX PER2::LUC mice. We chose to examine the response to steroid hormones in the uterus because 1) the uterus exhibits robust circadian rhythms of PER2::LUC expression similar to the central circadian clock in the SCN (see Figs. 1 and 2) , 2) our previous results suggest that E 2 has marked effects on uterine Per2 gene expression in vivo (26) , and 3) the uterus is one of the major target organs for E 2 and P 4 (3, 24) . Figure 2 shows the effects of E 2 on the expression of PER2::LUC in the uterus. We treated uterine explants with 1 nM, 10 nM, 100 nM, 1 M, and 10 M E 2 and calculated the period of the PER2::LUC expression rhythm. We observed a robust rhythm of PER2::LUC expression in vehicle-treated uterine cultures with a mean period of 23.65 Ϯ 0.11 h (Fig. 2, A and F) . Post hoc statistical tests revealed that 1 nM E 2 did not significantly affect the period (period ϭ 23.10 Ϯ 0.22 h); however, 10 nM (period ϭ 22.71 Ϯ 0.12 h, P Ͻ 0.05), 1 M (period ϭ 22.76 Ϯ 0.10, P Ͻ 0.01), and 10 M E 2 (period ϭ 22.88 Ϯ 0.32 h, P Ͻ 0.05) significantly shortened the period of the PER2::LUC expression rhythm in the uterus when compared with vehicle controls [1-way ANOVA, F(5,32) ϭ 6.05, P Ͻ 0.05; Fig. 2F] . Surprisingly, we did not see a statistically significant effect of 100 nM E 2 treatment, although the period (23.07 Ϯ 0.05 h) was shorter than that of the vehicle controls by ϳ0.5 h (Fig. 2F ).
Our previous study indicated that a physiological concentration of P 4 fails to affect the period of Per1-luc expression in SCN tissue explants from OVX Per1-luc rats (33) . This result suggests that there are few P 4 receptors (PR) within the SCN. We chose to examine the effects of P 4 on the uterus, a tissue known to express PR, to determine whether the steroid would affect the rhythm of PER2::LUC expression in this tissue. In contrast to the effects of E 2 , treatment with P 4 alone did not alter the period of PER2::LUC expression in the uterus, regardless of the concentration of steroid applied [1-way ANOVA, F(4,19) ϭ 0.36; Fig. 3, A-E] .
RLX attenuates the effect of estrogen on the period of the PER2::LUC expression rhythm in the uterus. To further examine the mechanism by which E 2 modulates the molecular clock in the uterus, we assessed the effects of RLX on the period of uterine PER2::LUC expression. We examined the effects of RLX alone or in the presence of 10 nM E 2 . RLX alone at concentrations of 10 nM and 10 M did not alter the period of PER2::LUC expression in the uterus when compared with DMSO (vehicle)-treated controls (Fig. 4, A and B) . In the presence of 10 nM E 2 , RLX at concentrations of 10 nM or 10 M all but eliminated the robust effect of E 2 on the period of PER2::LUC expression [1-way ANOVA, F(3,27) ϭ 8.62, P Ͻ 0.05; Fig. 4, C-F] .
DISCUSSION
Our results demonstrate that estrogen has marked effects on the rhythm of PER2 expression in the isolated uterus. In uterine explants from PER2::LUC mice, E 2 shortened the period of PER2::LUC expression and RLX attenuated the effects of E 2 . However, we did not observe significant effects of E 2 and P 4 treatment on the amplitude of PER2::LUC rhythm in the uterus (data not shown). These data suggest that estrogen can directly affect the timing of the molecular clock in the uterus.
We observed that 10 nM E 2 significantly shortened the period of the PER2::LUC expression rhythm in the uterus, whereas neither 10 nM nor even 10 M E 2 affected the period of PER2::LUC expression in the SCN. Our previous study using Per1-luc transgenic rats also indicated that isolated SCN tissue explants do not respond to E 2 treatment in the physiological range (33). Fatehi and Fatehi-Hassanabad (7) have recently shown that in vitro application of 30 nM to 3 M E 2 significantly increased the spontaneous firing frequency and depolarized the cell membrane of SCN neurons. These data suggest that estrogen has a direct influence on neural activity, but not on clock gene expression, in SCN pacemaker neurons. Interestingly, these data do not agree with our previous in vivo data, which indicated that estrogen slightly advanced the acrophase of Per2 mRNA expression in the SCN of OVX rats housed in constant darkness for 3 days (26). The effects of E 2 in vivo may be the result of an interaction between steroidresponsive neural oscillators outside of the SCN and the SCN itself. As an example, steroid hormones might affect the timing of the molecular clock in neurons of the mediobasal hypothalamus that can in turn modulate the activity of SCN neurons.
The plasma concentration of E 2 in female rats reaches a peak, ϳ50 pg/ml (0.2 nM) on the morning of proestrus, and P 4 reaches ϳ60 ng/ml (200 nM) on the evening of proestrus (35) . At its peak, the circulating estrogen concentration reaches a plateau approximately seven times higher than baseline levels (35). Although we did not observe a significant effect of 1 nM E 2 treatment, we observed a significant effect on the period of PER2::LUC expression with 10 nM E 2 , a concentration within 1-2 orders of magnitude of the physiological range. Furthermore, the dose-response curve for the effects of E 2 plateaued at concentrations Ͼ10 nM (with the notable exception of the 100 nM group; see Fig. 2F ). There are several ways to explain the fact that 1 nM E 2 failed to shorten the period of PER2::LUC expression in the uterus: 1) due to experimental limitations, we may be unable to detect a subtle change in period within the 6 days of tissue culture data we have analyzed or, 2) the concentrations of E 2 we have used in vitro may lie below the physiological range for the uterus and thus below the threshold for effects on clock gene expression. It is possible that the level of E 2 in the mouse uterus may be considerably higher than the level in the general circulation, and therefore, measurements of E 2 in plasma may underestimate the effective dose at the tissue level. It is well known that estrogen shows variable tissue and concentration-dependent effects (38) . In fact, E 2 levels in human endometrium are ϳ10 times higher than the level found in plasma (2) . In OVX rats, the E 2 concentration in uterine tissue is ϳ100 pg/100 mg tissues (31) , suggesting that the level of E 2 in rodent uterine tissue may be as much as 20 times higher than the levels found in serum.
The fully developed uterus is composed of many heterogeneous cell types comprising four major anatomical compartments, the luminal epithelium, stroma, myometrium, and glandular epithelium. There is evidence of significant variation in the cell type-specific distribution of estrogeninduced or constitutively expressed ER, PR, and steroid receptor coactivators in the uterus of rats (29, 30) . We have reported recently that Per1 mRNA expression peaks at projected ZT 8 in the whole uterus of OVX rats in constant darkness (26) . Similar results have been observed by others in anestrous rats under light-dark conditions (10) . The rhythm of Per1 mRNA expression, however, is not observed in the uterine glandular epithelium compartment. Taken together, these data suggest that the molecular clocks in the uterus may exhibit variations of sensitivity to circulating steroid hormones with cell type specificity. Although RLX alone did not affect the period of PER2::LUC expression, it suppressed E 2 -induced shortening of the period of PER2::LUC expression. While our understanding of the molecular mechanisms underlying estrogen and SERM actions is growing, many details remain obscure. In particular, little is known regarding the activity and contribution of membranebound ERs in the uterus (16) . It is now clear that at least two ERs (ER␣ and ER␤) can modify estrogen or SERM action. ER␣ and ER␤ are differentially distributed throughout the body and may modify ligand interactions by dimerization or interactions with other proteins, such as coactivators and corepressors (16) . There are some reports suggesting that only ER␤ is present in the SCN, whereas ER␣ appears to be the dominant ER in the uterus (9, 11, 20, 34) . Moreover, RLX is 20-fold selective for ER␣ (42) . Gery et al. (8) recently demonstrated the interaction of ER␣ and Per2 via estrogen-responsive elements in the Per2 promoter using electrophoretic mobility shift assays and chromatin immunoprecipitation. These data strongly support our hypothesis that estrogen directly regulates Per2 expression rhythms in cells containing ER␣. Given the fact that E 2 treatment in vitro alters the period of PER2::LUC rhythm in the uterus but not the SCN, we propose that the effects of E 2 on the circadian rhythm of PER2 expression in the uterus are mediated by ER␣.
Although it is generally accepted that the timing of events in the female reproductive system, such as gonadotropin secretion, is dependent on a functioning circadian clock in the SCN, it remains to be seen whether peripheral hormone secretion plays a role in the timing of central and peripheral clocks. We have shown that E 2 affects the timing of PER2::LUC expression in the uterus but not the SCN. Thus, our data do not support a direct feedback effect of ovarian E 2 on the molecular clock in SCN neurons. However, our data do suggest that steroid hormones, perhaps in conjunction with neural input, pituitary gonadotropins, or other humoral factors, can modulate reproductive function through direct effects on clocks in target tissues such as the uterus.
